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Abstract—Simultaneous control of the nitrogen atomic den-
sity and the enthalpy flow onto the specimen installed down-
stream of the plasma torch was accomplished using Ar/N2
pulse-modulated induction thermal plasmas (PMITPs). Such
simultaneous control was difficult to realize because the increasing
input power into conventional nonmodulation thermal plasmas
increases the number density of the nitrogen atoms, but it also
increases the enthalpy flow onto the specimen. The behavior of
the excited nitrogen atoms was measured through spectroscopic
observation. The specimen’s surface temperature was measured
using a radiation thermometer. Then, the net enthalpy flow onto
the specimen was estimated. Results showed that the modula-
tion of coil current increases the time-averaged nitrogen atomic
density and decreases the time-averaged enthalpy flow during
the modulation cycle onto the specimen irradiated by the Ar/N2
PMITP. This result was confirmed by results from the developed
2-D two-temperature chemical nonequilibrium model of the Ar/N2
PMITP.
Index Terms—Enthalpy flow, nitrogen atomic density, pulse-
modulated induction thermal plasma (PMITP).
I. INTRODUCTION
INDUCTIVELY coupled thermal plasmas have been widelyused for material processing such as syntheses of diamond
films, fullerenes, nanopowders, thermal-barrier coatings, etc.
[1]–[9]. Its wide use is attributable to some advantages offered
by inductively coupled thermal plasma: high temperature; high
radical density; and little contamination. However, it has been
pointed out that thermal plasma has a very high heavy-particle
temperature, which can cause thermal damage to substrates and
grown films. For that reason, a simple method for control of the
thermal plasma’s temperature is necessary.
To control this high enthalpy or high heavy-particle temper-
ature of the thermal plasma, we developed a pulse modulated
induction thermal plasma (PMITP) system [10]–[13]. This
system can modulate the amplitude of the coil current sustain-
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ing thermal plasmas. The modulated thermal plasma enables
control of the temperature, chemical-reaction, and gas-flow
fields in thermal plasmas in the time domain. We have inves-
tigated dynamic behaviors of PMITP fundamentally through
experimental and numerical approaches [14]–[19]. The inves-
tigations described above revealed that the coil-current mod-
ulation imparts great temperature and density disturbances in
thermal plasmas. Furthermore, it enables the control of thermal
plasma temperature in the time domain [19]. Moreover, it can
promote chemical and thermal nonequilibrium states, even in
high-power atmospheric-pressure plasmas.
Such a PMITP has been used for some material processing.
For example, Ohashi et al. recently applied a PMITP to hydro-
gen doping on ZnO [20], [21]. Results of that study showed that
irradiation of the Ar-H2 PMITP can dope hydrogen atoms into
ZnO and improve its photoluminescence. However, few reports
have addressed applications of the PMITP to other material
processes. We are now trying to apply a PMITP to surface
nitriding of metals.
This paper describes experimental results of simultaneous
control of the density of nitrogen atoms and the estimated
enthalpy flow [22]. Spectroscopic observation was carried out
to measure the radiation intensity of the nitrogen atomic line for
different modulation conditions for the PMITP. The titanium
specimen was installed downstream of the plasma torch; its
surface temperature was measured using a radiation thermome-
ter. Experimental results reveal that modulation of the coil
current causes both an increase in the time-averaged nitrogen
atomic density and a decrease in the time-averaged enthalpy
flow onto the specimen surface during the modulation cycle.
Such simultaneous control has been difficult using only con-
ventional steady-state-induction thermal plasmas. Furthermore,
numerical simulation of Ar/N2 PMITP was made using our
recently developed 2-D two-temperature chemically nonequi-
librium model [19]. The simulation result supports the experi-
mental results of the simultaneous control of nitrogen atom and
enthalpy flow.
II. PARAMETERS IN PULSE MODULATION
OF THE COIL CURRENT
Fig. 1 depicts the schematic waveforms of a typical pulse-
amplitude-modulated coil current for sustaining the PMITP.
0093-3813/$25.00 © 2007 IEEE
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Fig. 1. Definition of parameters in the pulse-modulation operation.
Fig. 2. Configuration of the plasma torch and the specimen holder.
The coil current has a fundamental frequency of 450 kHz in
this paper. The amplitude of the coil current is modulated
with a modulation cycle on the order of milliseconds. For
the coil-current-modulation case, we define the following four
additional control parameters: “higher current level (HCL),”
“lower current level (LCL),” “on-time (time period with the
HCL),” and “off-time (time period with the LCL).” These
parameters are also indicated in Fig. 1. These parameters can be
set independently from one another to obtain different dynamic
states of a PMITP [16]. Furthermore, we define the “shimmer
current level (SCL)” as the ratio LCL/HCL. The condition
SCL = 100% corresponds to the nonmodulation operation.
III. EXPERIMENTAL SETUP AND
EXPERIMENTAL CONDITIONS
A. Plasma Torch and Reaction Chamber
Fig. 2 shows a schematic diagram of the plasma torch and
the reaction chamber for PMITPs. The plasma torch comprises
two coaxial quartz tubes with 330-mm length. The inner tube
has a 70-mm inner diameter. Between these two coaxial tubes,
cooling water is allowed to flow to maintain the tube wall
temperature at 300 K. This plasma torch has an eight-turn
induction coil around the quartz tube. Downstream of this
plasma torch, a water-cooled reaction chamber is installed.
In the reaction chamber, a water-cooled specimen holder was
installed. This specimen holder held a 15-mm-diameter 5-mm-
thick titanium specimen. The specimen was irradiated directly
by an Ar/N2 PMITP for its surface-nitriding processing. The
Ar/N2 gas mixture was supplied as a sheath gas with a swirl
along the interior of the inner quartz tube from the top of the
plasma torch. The total gas flow rate was fixed at 100.0 slpm
(= l/min). The nitrogen gas flow rate QN2 was set to a value of
Fig. 3. Coil-current amplitude for fixed-power operation.
Fig. 4. Measurement systems.
2.0 or 4.0 slpm. For stable operation of the PMITP, the nitrogen
gas flow rate is limited to 5.0 slpm in this experiment because
too much addition of nitrogen gas will cause the PMITP to be
extinguished. Pressure inside the chamber was fixed to 30 kPa
(230 torr) using an automatic-feedback pressure controller.
The modulated coil current was supplied with a metal-
oxide-semiconductor field-effect-transistor (MOSFET) inverter
power supply to the induction coil. The “on-time” and “off-
time” were set, respectively, to 10 and 5 ms in this experiment.
In this paper, we fixed the time-averaged input power to the
MOSFET inverter power supply at the same value of 15 kW for
any SCL condition. This fixed power control can be realized
using a higher HCL and a lower LCL to the current amplitude
in the nonmodulation condition, as indicated in Fig. 3.
B. Measurement Systems
Fig. 4 depicts the measurement systems. Spectroscopic ob-
servations were carried out to measure the time evolution in
the radiation intensities of the nitrogen atomic line at 746.8 nm
and of the continuum at 756 nm. By subtracting the continuum
from the radiation intensity at 746.8 nm, the net radiation
intensity of the nitrogen atomic line is obtainable. The obser-
vation position was set to a position at 200 mm below the coil
end, which corresponds to the inlet of the reaction chamber
installed downstream of the plasma torch. This measurement
shows the behavior of the nitrogen atoms excited at a level
2p2(3P)3p with 96 750 cm−1 in the observation region [23],
because the measured radiation intensity is proportional to
the number of the excited nitrogen atoms. Simultaneously, the
surface temperature of the titanium specimen was measured
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Fig. 5. Dynamic behavior of the plasma tail. The gas flow rate of Ar/N2 is
98/2 slpm.
Fig. 6. Images of the Ar/N2 PMITPs. Left: SCL SCL = 100%. Center:
SCL = 70%. Right: SCL = 40%. The gas flow rate of Ar/N2 is 98/2 slpm.
using a radiation thermometer. The coil current was mea-
sured using a high-frequency current transformer. A high-speed
video camera with a complementary metal–oxide semiconduc-
tor (CMOS) optical array was used to capture the dynamic
behavior of the PMITP. The CMOS optical array has sensitivity
for visible light between 400–800 nm. The exposure time was
set to 10 µs, and the frame rate was fixed at 3200 frames/s.
IV. RESULTS AND DISCUSSION
A. Dynamic Behavior of a PMITP Recorded by a
High-Speed Video Camera
Fig. 5 shows the dynamic behavior of the tail part of the
Ar/N2 PMITP as recorded using the high-speed video camera.
The respective gas flow rates of Ar and N2 are 98 and 2 slpm,
and the SCL is 40%. The time increment of the images in Fig. 5
is 1.0 ms. In panel (2), the plasma tail is visible, extending from
the upper side according to “on-time” operation. This plasma
tail extends to the specimen holder with rotation motion in
panels (2)–(5). This rotation motion originates from a supplied
swirl gas. The plasma tail goes to the upper side again in panels
(5)–(6) in “off-time.” These motions are repeated periodically
according to coil-current modulation.
Fig. 6 indicates images of the Ar/N2 PMITP for SCL =
100%, 70%, and 40%. These images are taken when the
visible-light-emission area from each PMITP is maximum.
It is apparent that the visible-light-emission area from the
PMITP for SCL = 40% is greater than those for SCL =
100% and 70%. This is true because a lower SCL case has a
higher HCL in the fixed-input-power operation, as described
in the previous section. Consequently, a longer plasma tail is
realized in the lower SCL case. These longer plasma tails are
Fig. 7. Time evolutions in the radiation intensity of the nitrogen atomic line at
746 nm emitted from Ar/N2 PMITP. The gas flow rate of Ar/N2 is 96/4 slpm.
Spectroscopic observation position was on the center axis of the plasma torch
at 200 mm below the coil end.
inferred to promote surface-nitriding processing of the titanium
specimen.
B. Effects of Coil-Current Modulation on the Radiation
Intensity of Nitrogen Atomic Line
For surface-nitrodiation processing using thermal plasmas,
the neutral nitrogen atomic density is an extremely impor-
tant factor. The radiation intensity of nitrogen atomic line at
746.8 nm was measured to estimate the behavior of the nitrogen
atomic density. The measured radiation intensity is proportional
to the number of the excited nitrogen atoms as described
previously, which indicates an index of nitrogen excited atomic
density. Fig. 7 shows the time evolution in the radiation inten-
sity of the nitrogen atomic line from the Ar/N2 PMITP for SCL
of 100%, 70%, and 40%. The nitrogen gas flow rate QN2 is
4.0 slpm. It is apparent that the measured radiation intensity
is also modulated according to the coil-current modulation. For
modulation cases, i.e., for SCL = 70% and 40% cases, periodic
peaks exist in the time evolution in the radiation intensity. The
magnitudes of these peaks increase with reduction of SCL. This
result demonstrates that the pulse modulation of the coil current
increases the instantaneous density of the excited nitrogen atom
in the observation region, i.e., at the inlet of the reaction
chamber.
For surface-nitriding processing, the time-averaged density
and the instantaneous value are important because some nitrid-
ing processes require a longer time than the pulse-modulation
cycle. Consequently, the time-averaged radiation intensity was







In that equation, IaveN746 denotes the time-averaged radiation
intensity of the nitrogen atomic line, IN746(τ) represents the
instantaneous radiation intensity of the nitrogen atomic line,
Tcyc is the modulation cycle, and t, τ indicate the time. Fig. 8
shows the time-averaged radiation intensity of the nitrogen
atomic line as a function of SCL forQN2 = 4.0 slpm. The time-
averaged radiation intensity is normalized in reference to that at
SCL = 100%. The important point in Fig. 8 is that the time-
averaged radiation intensity increases with decreasing SCL,
meaning that the time-averaged nitrogen density as well as the
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Fig. 8. Time-averaged radiation intensity of the nitrogen atomic line at
746 nm as a function of SCL. The gas flow rate of Ar/N2 is 96/4 slpm.
Spectroscopic observation position was on the center axis of the plasma torch
at 200 mm below the coil end.
Fig. 9. Time variation in the surface temperature of titanium specimens
irradiated by the Ar/N2 PMITP. The gas flow rate of Ar/N2 is 96/4 slpm.
instantaneous value increase because of the modulation of the
coil current.
C. Effects of Coil-Current Modulation on the Specimen
Surface Temperature
We also measured the specimen’s surface temperature to elu-
cidate effects of coil-current modulation on the enthalpy flow of
the PMITP. The surface temperature is also an important factor
for nitriding processing and for mitigating thermal damage.
Fig. 9 depicts the time variation in the surface temperature
of titanium specimens for different SCL cases. This surface
temperature was measured with a radiation thermometer. The
Ar/N2 PMITP was irradiated from t = 0 s in this figure. After
irradiation of the Ar/N2 PMITP, the surface temperature in-
creases with time. The surface temperature is almost saturated
at about 100 s after irradiation. The irradiation of the Ar/N2
PMITP was stopped at t = 180 s. After irradiation of the Ar/N2
PMITP, the surface temperature decreases rapidly with time. It
is noteworthy that the surface temperature variation depends on
the SCL, although the input power to the inverter power supply
is the same value of 15 kW for all cases.
In the estimation of the surface temperature, it is expected
that the radiation from the plasma affects the determination of
the surface temperature during the plasma irradiation. How-
ever, as shown in Fig. 9, there is no stepped change in the
estimated surface-temperature curve just at plasma extinction,
Fig. 10. Surface temperature of the titanium specimens irradiated by the
Ar/N2 PMITP as a function of SCL. The gas flow rate of Ar/N2 is 96/4 slpm.
whereas the estimated surface temperature continuously and
then gradually decreases with time from t = 180 s. Note that
the vertical axis of this figure is in unit of seconds. Provided
that plasma radiation affected the estimated temperature, it
would change in step function form just after plasma extinction.
From the above consideration, the plasma radiation does not
so much affect the determination of the surface temperature
if the surface temperature exceeds 750 K. However, when the
surface temperature is lower than 750 K, which causes less
thermal radiation from the surface, the plasma radiation affects
the determination of the surface temperature. In addition, the
emissivity influences the determination of the surface tempera-
ture. However, there is little data on the emissivity for a mixture
of titanium–titanium nitride. Also, the emissivity is influenced
by the roughness of the surface. In this estimation, we only used
0.6 as the emissivity of pure titanium. In spite of the above,
the temperature plateau due to phase transition from Ti-β to
Ti-α in Ti ingot inside the specimen can also be seen around
t = 200 s at 850 ◦C for each of the curves in Fig. 9. The valid
phase-transition temperature is 893 ◦C according to [24]. These
values are close to one another. From the consideration, the
error in the absolute value of the estimation temperature can
be estimated about 50◦ in this case. The relative value of the
surface temperature can be compared among these three curves
in Fig. 9.
Fig. 10 indicates the surface temperature at t = 180 s after
irradiation of the Ar-PMITP as a function of the SCL. This
figure shows clearly that reducing the SCL decreases the sur-





Vs = Pnet−in − σb
(
T 4s − T 4a
)
Ss (2)
where ρs and Cs, respectively, represent the mass density and
the specific heat of the titanium specimen, Vs and Ss, respec-
tively, denote the volume and surface area of the specimen, Ts
is the surface temperature of the specimen, Ta is the ambient
temperature, Pnet−in is the net input power from heat transfer
including cooling losses due to convection from a large distur-
bance in gas flow,  is the emissivity of the surface material,
and σb is the Stefan–Boltzmann constant. Quantity Pnet−in was
estimated through this equation and the time variation in the
surface temperature in Fig. 9. Fig. 11 shows the Pnet−in versus
TANAKA et al.: CONTROL OF NITROGEN ATOMIC DENSITY AND ENTHALPY FLOW 201
Fig. 11. Net power onto the surface of the titanium specimen irradiated by the
Ar/N2 PMITP. The gas flow rate of Ar/N2 is 96/4 slpm.
Fig. 12. Examples of XRD spectra for the specimen surface irradiated by the
Ar/N2 PMITP. The gas flow rate of Ar/N2 is 98/2 slpm. The irradiation time is
5 min. The surface temperature of specimen is not controlled.
the SCL. For SCL = 100%, Pnet−in is 0.35 kW. This value is
decreased by reduction of SCL.
Reducing SCL increases the excited nitrogen atomic density,
as described in the previous section. Consequently, reducing
SCL, i.e., the modulation of the coil current simultaneously
causes both an increase in the excited nitrogen atomic density
and a decrease in the Pnet−in.
D. X-Ray-Diffraction (XRD) Analysis of the Irradiated
Specimen Surface
The specimen surface irradiated by an Ar/N2 PMITP was
analyzed by XRD to find the effect of the current modulation
Fig. 13. Calculated time-averaged mass flow of nitrogen atom from the Ar/N2
PMITP into the specimen position. The gas flow rate of Ar/N2 is 96/4 slpm.
on the specimen surface composition. Fig. 12 shows examples
of XRD spectra for the specimen surface irradiated by Ar/N2
PMITP. The Ar and N2 gas flow rates were 98 and 2 slpm,
respectively. In this paper, we do not use hydrogen to simplify
the experimental condition. The irradiation time is 5 min for all
cases. As shown, XRD spectra for TiN (1 1 1), TiN (1 0 1),
and TiN (2 0 0) can be seen in case of SCL = 100%, i.e.,
nonmodulation case. On the other hand, at SCL = 70%, the
intensities of TiN (1 1 1) and TiN (2 0 0) decreases while those
of TiN (1 0 1) increases and the spectrum of Ti2N (1 0 1)
appears. At further lower SCL, i.e., SCL = 40%, the XRD
spectra is again similar to that at SCL = 100%, although the
modulation condition (then the surface temperature) is differ-
ent. As a result, the influence of the coil-current modulation is
clearly apparent in XRD spectra for the irradiated surface even
at the same input power and at the same specimen position.
Although the details of structural-analyzing results should be
investigated in the future work, it can be emphasized that the
coil-current-modulation effects the surface structure. For sur-
face nitriding of titanium, the surface temperature and nitrogen
atomic density play an important role. These are both changed
by the modulation coil current as described previously.
E. Numerical Simulation
We developed a 2-D two-temperature chemically nonequi-
librium model of the Ar/N2 PMITP [18], [19]. This model
solves a set of mass-conservation equations of a bulk plasma,
momentum-conservation equations, an energy-conservation
equation for electrons, an energy-conservation equation for
heavy particles, a mass-conservation equation of each species,
and a Maxwell equation for the vector potential with a help
of the equation of state and the equation of charge neutrality.
Furthermore, in the present model, the swirl effect and demix-
ing effect for each of species were also taken into account.
From this numerical calculation result, we computed the time-
averaged mass flow of nitrogen atom and the time-averaged
enthalpy flow onto the specimen position for SCL = 100%
and 40%.
Fig. 13 shows the calculated time-averaged mass flow of ni-
trogen atom from the Ar/N2 PMITP into the specimen position
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Fig. 14. Calculated time-averaged enthalpy flow from the Ar/N2 PMITP into
the specimen position. The gas flow rate of Ar/N2 is 96/4 slpm.















where r and z, respectively, denote the radial and axial position,
ρ is the mass density of the plasma, YN is the mass fraction
of nitrogen atom, u is the axial gas-flow velocity, R is the
radius of the specimen, and z0 is the axial position of the
specimen surface. As indicated in Fig. 13, MaveN increases with
decreasing SCL from 100% to 40%, meaning that the numerical
simulation of Ar/N2 PMITP also indicates an increase in the
time-averaged mass flow of nitrogen atoms onto the specimen
surface position. This increase in the time-averaged mass flow
of the nitrogen atom arises from the chemically nonequilibrium
condition, in which the nitrogen association needs milliseconds
to reach its equilibrium condition.
On the other hand, Fig. 14 indicates the calculated time-
averaged enthalpy flow from the Ar/N2 PMITP into the speci-















where h is the enthalpy of the heavy particle. This Fig. 14
indicates that a reduction of the SCL from 100% to 40%
decreases the Have.
In this way, the numerical simulation also supports the fact
that the modulation of the coil current produces such an in-
crease in the time-averaged mass flow of nitrogen atom and
a decrease in the time-averaged enthalpy flow simultaneously,
which is also obtained in the experiments as indicated in Figs. 8
and 11. However, these decreasing rates in the time-averaged
mass and enthalpy flows by reduction of the SCL from the
numerical simulation are lower than those obtained in the
experiment in the previous section. It is inferred that reducing
the SCL causes not only the reduction of the time-averaged
enthalpy flow itself but also a large disturbance in the gas
flow. This large disturbance in the gas flow may also increases
cooling loss from the specimen due the thermal plasma.
V. CONCLUSION
Results of this paper demonstrated that an increased nitrogen
atomic density and a decreased enthalpy flow onto the specimen
installed downstream of the plasma torch simultaneously occurs
using Ar/N2 PMITP. An increase in the nitrogen atom density
was made by spectroscopic observation, whereas the enthalpy
flow onto the specimen was estimated using the measured sur-
face temperature of the specimen. This simultaneous control of
the time-averaged nitrogen atom density and the time-averaged
enthalpy flow means that the PMITP can serve as a high-
speed effective nitriding source with less thermal damage on
the specimen. This result was also supported by our developed
2-D two-temperature chemically nonequilibrium model of the
Ar/N2 PMITP.
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